Abstract: Recent coastal storms in southern Africa have highlighted the need for more proactive management of the coastline. Within the southern and eastern African region the availability of coastal information is poor. The greatest gap in information is the likely effects of a combination of severe sea storms and future sea level rise (SLR) on the shoreline. This lack of information creates a barrier to informed decision making. This research outlines a practical localized approach to this problem, which can be applied as a first order assessment within the region. In so doing it provides a cost effective and simple decision support tool for the built environment and disaster professionals in development and disaster assessments. In a South African context the newly promulgated Integrated Coastal Management Act requires that all proposed coastal developments take into consideration future SLR, however such information currently does not exist, despite it being vital for informed planning in the coastal zone. This practical approach has been applied to the coastline of Durban, South Africa as a case study. The outputs are presented in a Geographic Information System (GIS) based freeware viewer tool enabling ease of access to both professionals and laypersons. This demonstrates that a simple approach can provide valuable information about the current and future risk of flooding and coastal erosion under climate change to buildings, infrastructure as well as natural features along the coast.
Introduction
In recent years, much work has been done on global climate change and the likely impacts that may arise from this change [1] [2] [3] [4] [5] [6] . However, relatively little research on climate change has been undertaken for the African continent and in the southern and eastern African region to date, with the exception of South Africa. Climate change impacts are likely to affect many different aspects of the world's environment. However, this paper focuses on coastal flooding hazards, both now and under future sea-level rise (SLR) along the southern and eastern African shoreline.
In South Africa, amid increased awareness and concern of climate change and SLR, several government agencies have commissioned research in these areas. Studies of SLR in Durban [7] and SLR in Namibia and South Africa [8] and regional impacts of climate change in the Western Cape [9] have recently been completed. Three of South Africa's major coastal cities, Durban [10] [11] [12] [13] [14] , Cape Town [15] and Port Elizabeth have embarked on studies to understand and address these impacts. Research institutions are now also contributing [16] [17] [18] . Within Africa, outside of South Africa there has been even less research work done although Mozambique has initiated discussions and projects on SLR [19, 20] .
While this new impetus is encouraging, the capacity of governments, regions, cities and communities in Africa to proactively manage, mitigate and adapt to the impacts of climate change has been a concern in international circles [21] . This concern arises due to the high mitigation and adaptive costs that are likely to be required. The region is financially poor by world standards and very little funding is likely to be available for widespread interventions, which makes the challenge of dealing with climate change and SLR even more difficult. In reality, there is limited scope for mitigation of climate change and therefore efforts must be concentrated on adaptation. In order to adapt for the future, it is important to understand the nature and significance of possible threats. Without any understanding of the possible risks, any adaptation interventions run the risk of being mis-directed.
Problem Statement
The southeastern coastline of southern Africa, comprising South Africa, Mozambique, Tanzania and Kenya, is regularly affected by cyclonic and other significant weather events that have the ability to unleash large wave events along the coast. The impacts of climate change and SLR are likely to exacerbate the existing problems of coastal flooding and erosion [14] . Much of this coastline comprises sandy beaches backed by flat low coastal plains that are already vulnerable to flooding and erosion in extreme wave events. Progressive SLR will worsen the situation but it is the episodic wave events, occurring with little advanced warning that results in significant flooding and erosion.
In order to plan for these hazards some baseline data is needed. The reality is that countries in this region do not have spare funds to generate this data and so it is unlikely that in the foreseeable future data that would meet first world standards will be collected. However, historical data on cyclone events are available [22] . There are tide gauges in the region but with inadequate spatial coverage and of those stations that have tide data they are for relatively short durations that prevent high confidence sea-level change trends from being deduced [23] . There is very limited coastal erosion and shoreline change data along this coast as pointed out earlier and that is unlikely to change given human resource capacity, skills and funding limitations.
Under these circumstances it is essential that a simple, practical approach to identifying the coastal flooding hazard zone be applied. The method must be easy to use and conservative enough to help coastal managers identify the flooding and erosion hazard zones. The objective of this paper is to demonstrate this by identifying the regional hazards and then applying a simple model that informs the extent of the coastal flooding hazard zone in the region between Mombasa and Cape Town, a distance of over 6000 km in length. Mombasa and Cape Town were selected as the ends of the region as both sites have functional tide gauges. Tide information is a vital input into determining the impact of wave events since storms occurring at low tide cause less damage than storms occurring at high tide. In order to demonstrate the approach it was decided to work with a manageable length of coastline. As the authors are based in Durban and the first author is employed by the eThekwini municipality, it was logical to choose the eThekwini municipal coastline, approximately 100 km in extent, as the case study ( Figure 1 ).
Figure 1.
Regional map with place names referred to in the text. The case study is located in Durban (Source: Adapted from NASA [24] ).
Coastal Flooding, Erosion and Wave Hazards in the Region

Weather Systems
The southern African coastline is intermittently impacted by extreme swells associated with tropical cyclones (which are also referred to as hurricanes in the North Atlantic and typhoons in the eastern Pacific Oceans) and cut-off low-pressure systems [25] .
In the eastern Indian Ocean, cyclones generally form to the east of Madagascar. Most of the time they move in a west-south-westerly direction towards the African continent. Some make their way across Madagascar into the Mozambique Channel, while others move southward. The majority of tropical cyclones track in a south-easterly direction, away from the mainland, and back towards the Indian Ocean. It is these cyclones which turn south-easterly and sometimes remain semi-stationary south of Madagascar that are the ones that cause the biggest swells in the region.
Occasionally tropical cyclones do make landfall and can devastate the coastal zone in its path ( Figure 2 ). One such event, Tropical Cyclone Domoina, occurred in January 1984 and made landfall near Maputo, Mozambique causing extensive wind and rainfall damage. Tropical cyclones typically occur in the summer months but are most frequent in January, February and March, which is also when the tides lead up to the equinox (March/April) as shown in Table 1 [25] . Table 1 . Monthly frequency of the 934 tropical cyclones since 1848 in the Southwest Indian Ocean [25] . May  %  1  2  3  13  30  26  17  6  2 In contrast, cutoff lows are generated in the Southern Oceans when an anti-cyclonic depression occurs as a result of strong upper ridge advancing southeastwards and separating a cold upper air pool. They are characterized by a convex shaped surface high-pressure system along the southern Cape coast [27] . The formation of cut-off lows over land are not uncommon, however, these rarely result in high seas.
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An intense cyclonic mid-latitude system is often referred to as an extra-tropical or mid-latitude cyclone, and is normally associated with a cold front that follows a strong ridge of the Atlantic high-pressure system. Cold fronts are often preceded by coastal lows, which are typically responsible for the southwesterly winds along the east coast of Southern Africa. Well-formed cold fronts can generate significant swell. The passage of this type of system results in gale force winds and high seas [27] . When these weather systems coincide with spring high tides they set the scene for exceptional flooding and erosion.
The March 2007 Storm in KwaZulu-Natal, South Africa
Conditions Preceding the Storm
Sea conditions had been unusual in the months leading up to this event as the region had been affected by three cyclonic events, Dora, Favio and Gumede. Cyclone Dora, which combined with a well developed cold front to the south of the country, resulted in 2-3 m swells and impacted the KwaZulu-Natal coastline from 11 to 13 February 2007. Cyclone Favio, which generated 185 km/h winds within 37 km of the center and significant wave heights above 14 m [28] , moved from the south of Madagascar, through the Mozambique Channel, making landfall in Mozambique The cyclone generated high seas in Mozambique and heavy rainfall in south-eastern Zimbabwe and southern Malawi. However, it did not produce large wave heights along the KwaZulu-Natal coastline [29] . Cyclone Gamede closely followed and although downgraded from a tropical cyclone to an extra tropical depression, remained relatively stationary between the 2 and 5 March and created localized flooding along the KwaZulu-Natal coastline. However, Cyclone Gamede also depleted the beaches of their buffer of sand as the waves moved sand from the beaches into deeper water.
Conditions During the Storm
The weather system responsible for the March sea storm started as a frontal low, which passed south along the coast of South Africa on 16 March 2007. The frontal low intensified and rapidly developed into a cut-off low south-east of East London on 17 and 18 March. It intensified to a peak on the 19 March, where it remained trapped between two high-pressure cells until 20 March. The cut-off low started to weaken by midday on the 19 March and conditions had almost returned to normal by 20 March [30] . The central pressure of this cell dropped to below 986 hPa at its peak. The strong pressure gradient generated strong and consistent winds. Wind speeds started picking up on the 17 March, recorded hourly wind speed rose to 10.9 m/s (peak 10 min speed of 18.5 m/s at 24H00), on the 18 March, the recorded hourly wind speed peaked at 11.9 m/s (peak 10 min speed 22.1 m/s (43 knots) at 14H10) and over the course of the 19 March subsided [31] .
As the system was trapped in position this allowed the wind to generate some impressive waves . This event had already been forecast as having the potential to create widespread erosion should it coincide with a large wave event. The South African Navy tide gauge in Durban recorded a peak storm surge of 70 cm (3 min average). Wave run-up levels recorded along the beaches ranged between +4 m and +10.5 m above MSL [33] . Highest levels were recorded in open coastal locations where the bathymetry dropped off sharply.
The Impact of the Storm
The storm resulted in widespread damage to private and public infrastructure and homes along ±400 km of coastline at an estimated cost of about US$100 million [30] . Several homes were completely lost or damaged beyond economic repair and damaged sewer reticulation poured raw sewage into the sea for several months after the event prompting a bathing ban along many of the popular swimming beaches.
The Likelihood and Magnitude of Future Storm Events and Sea Level Rise by 2100
The threat of similar events in the future has been accepted [34] and therefore the attention has turned to developing a planning framework around these events. The goal is to reduce the flooding and erosion hazard associated with these events. With a coastline that has significant coastal development already in place, the task is made more difficult by the social and economic considerations associated with such decisions [35] . Kay and Alder [36] defined a hazard as "an event or process with potential harm to people, property and the environment". Their definition takes the concept of a risk, in other words the likelihood of occurrence of a defined event with no human or environmental consequences as a risk. Conversely, where there is the likelihood of occurrence of a defined event with human or environmental consequences this becomes a hazard. It is becoming clearer that this hazard will continue to be ever-present and may increase with ongoing climate change in the region [17] .
Past and Future Storm Activity
The March 2007 event, while significant, was by no means unusual. Events of similar magnitude have occurred in the recent past. On the 13 June 1997 a cut-off low system off the coast of East London, South Africa created similar conditions to this storm. Significant wave heights of 9.3 m were only marginally higher but the effects were of similar erosion and property loss. Cyclone Imboa occurred in mid February 1984 off the coast of Maputo, Mozambique and created high winds and large waves with a significant wave height between 8 and 9 m. During 1970, a wave event caused erosion and damage along the Durban coastline. In late May 1966, a sea storm with a significant wave height of approximately 8.5 m stripped the sand off the beaches along the coastline south of Durban, South Africa revealing a Quaternary fossil bed [37] .
As has been previously pointed out, wave events along this coast are driven by the wind generated from cyclonic and cutoff low events. To generate the most erosive waves two factors must coincide. Firstly, high sustained winds blowing onshore and secondly, a suitably long fetch (the distance over which the wind can blow and in so doing, creating waves). Using the physical layout of the regional coastline as a starting point, potential maximum wave height using either fetch limited or duration limited wind speeds can be estimated using the Coastal Engineering Manual developed by the US Army Corps of Engineers [38] . On that basis the potential maximum wave height along the South African, Mozambique, Tanzanian and Kenyan coastlines have been calculated and are shown in Table 2 . The wind speeds and fetch lengths in the Mozambique Channel are restricted by the proximity of Madagascar to the Mozambique coastline, effectively capping the maximum wave heights to 8 m (see Table 2 ). When these results are compared to other data, the results are similar. The Voluntary Observing Ships (VOS) observed wave height data from 1960-1999 that indicates only 0.1% of the total 17,168 records exceeding 9.0 m at the southern tip of Madagascar [39] . Reduced wave heights in the Mozambique Channel have been reported by Theron [17] .
Sea Level Changes by 2100
Various authors have used a variety of different factors and methods to predict future sea level change. The use of global climate change models [6] , a temperature/SLR relationship [40] , ice melt yield [41] and quadratic equation projections from tide records [42, 43] are a few of the methods employed. Predicted rates and magnitude of future global SLR are still hotly debated but there is agreement that these will rise. Several countries have adopted SLR scenarios based on the work of the IPCC [6] and others, notably post 2007. For example, Germany has taken 1 m of SLR as the upper bound of potential SLR by 2100 [44] . The Dutch, with their extreme vulnerability to the impacts of SLR, have adopted a maximum SLR, excluding settlement, of 1.1 m by 2100 [45] and California has adopted a maximum of 1.4 m by 2100 [46] .
Recent sea-level analysis in the region has shown that there is variation in the rate of sea-level change in the region [7, 8, 47] . Virtually all tide gauges show a rise with the exception of Zanzibar at −3.6 mm/yr) [47] . For this particular case study, the observed SLR trend in Durban is +2.7 ± 0.05 mm per year [7] and for the eastern region of South Africa is estimated as +2.74 mm per year [8] .
In order to model the effects of any SLR several scenarios were chosen [48] . These scenarios have been determined as follows:
• Scenario 1: 300 mm based on current linear SLR • Scenario 2: 600 mm based on doubling of the current SLR rate • Scenario 3: 1,000 mm based on an accelerated ice melt scenario.
The last scenario was included since recent literature has suggested accelerated ice melt [49] .
High Water Mark and Wave Run Up
An important factor in determining the hazard zone is the extent of wave run-up along the shoreline. Traditionally the coastline has a legally defined measure of wave run up, the High Water Mark (HWM). Generally these HWM's are a combination of a high tide level and storm wave run up. In most instances they are delineated following actual events, i.e., a land surveyor co-ordinates the position of the debris line and this is declared the HWM. These HWM's are not helpful in identifying the hazard zone, as they generally do not account for extreme waves in the order of 8 to 10 m.
As waves approach a shoreline their shape and height changes and wave energy is lost to friction on the ocean floor. This can also causes a change in wave direction depending on the incident wave angle to the coastline. As the waves make their way inshore, the wave height increases until the wave breaks before reforming as a smaller wave that proceeds inshore. The surf zone (the area where the waves break) accounts for the majority of the loss of wave energy [50] . The wave then reaches the beach and the remaining wave energy is converted to potential energy in the form of run-up on the sloping face of the beach [51] . The run-up of the waves provide the energy needed to rework the beach slope, erode the dunes [52] [53] [54] [55] and endanger any human-made structures in its path.
Planning for coastal impacts requires an understanding of the likelihood and extent of water/wave action and sea-level rise along the coast while considering its geological context as Jackson et al. (2005 Jackson et al. ( , 2009 [54, 55] have pointed out. Intuitively one understands that the closer a structure is located to the sea the higher the risk of likely damage. The magnitude of wave run-up across and up the beach slope is therefore critical in understanding the extent of the potential coastal hazard zone for large wave events. However, the identification of this zone varies along the coastline depending on numerous factors relating to the beach, beach material, wave regime, wave direction and underwater bathymetry. Rising sea levels have the effect of lifting the Still Water Level (SWL) along the coastline and allowing more wave energy to move closer inshore and in so doing eroding the sandy coastline. If a sandy coastline is backed by human settlements then this process may present problems for these facilities.
Waves heights are generally recorded in an offshore location, i.e. in depths of water exceeding 30 m. The offshore wave heights will be different to the inshore conditions particularly if the bathymetry is complex and/or the shoreline is not an open straight coastline. In the case of an open straight coastline the model of Mather et al. (2010) [33] is applicable. More complex coastlines will require models that include wave refraction, (such as Waves Nearshore or SWAN model) to provide inshore wave heights.
Wave run up levels can be calculated using a number of international wave run up models [56] [57] [58] [59] however, as Mather et al. [33] have pointed out, the best of these international models do not predict the observed wave run-up very well along this coastline and therefore a new local model was developed for the case study area. This model will be used as the basis of the predicted wave run-up heights in this paper.
High Water Mark and Coastal Flood Hazard Delineation Model: A Case Study of the Durban Coastline
The case study that will be used to demonstrate the approach will be the entire municipal coastline of the eThekwini municipality as shown in Figure 3 . 
The Model
The model consists of two separate parts. The first part is to calculate the amount of wave run-up along the shoreline based on the offshore wave, bathymetry and the state of the tide. The second part is the determination of the extent of retreat of the coastline under differing SLR scenarios. In the preliminary assessment to decide which model to use, two models were considered; namely the Carter Roll-over model [60] and the Bruun Rule [61] , as shown in Figure 4 . The Carter and Bruun models are simple profile transition models where continuity of sediment in the cross-shore direction is preserved. The difference between the models is the landward control point used. Carter uses the intact dune system as part of the active profile while Bruun uses the waterline. Both models define a slope of retreat as the sloping dotted line from the land control point to the closure depth. The Carter model takes into account the landward dune system as part of the sediment budget available to mitigate erosion in the cross-shore direction. The Bruun rule has been criticized by some [62] [63] [64] [65] and supported by others [66] [67] [68] [69] [70] [71] [72] , and therefore applicability should be tested prior to its application. Historically the Bruun rule has been applied in South Africa without testing its appropriateness as a suitable shoreline regression model [73, 74] . In a parallel study to this one, the applicability of the Bruun rule in the case study region was tested. Using a series of 14 paleoshorelines from +4 m to −170 m above sea level, the Bruun rule was able to predict the observed retreat distance between successive paleoshorelines to within 10% of the retreat [75] . This result is acceptable given the simplicity of the Bruun rule and has provided some confidence in the application of the Bruun rule in this region. The shoreline retreat for the tested sample locations showed that at locations that had an intact primary dune, the predicted shoreline retreat using Carter's model was less than the retreat using the Bruun rule. However, at sites where the primary dune had been removed or did not exist, the results from both models were similar. Within the case study area, urban development has removed most of the primary dunes and therefore it was decided to apply the Bruun rule exclusively while recognizing that in areas where the primary dune still remained intact the retreat would be slightly overstated. This approach is conservative, however, it was deemed acceptable given the limitations of both models. For a full discussion of the Bruun's rule, readers are referred to [76, 77] .
The Input Data
Topography was obtained from high-resolution aerial survey. The aerial photo scale was defined as 1 in 4,600. This equates to a flying height of 800 m above the ground. The ground control consisted extensive existing municipal ground control points. In areas where the coverage was sparse, municipal land surveyors placed additional ground control points. The captured aerial images were developed and the diapositives scanned at a resolution of 12 microns to produce an accurate set of digital images for the photogrammetric process. The images were then triangulated and the center point of each image assigned a Global Positioning System coordinate. These center points act as auxiliary aerial control points. Using a flying height of 800 m the X and Y positions (planar points) were captured to an accuracy better than ±10 cm Root Mean Squared error and the Z positions had similar accuracy.
The wave run-up model requires information on the offshore wave height H mo , tidal level at the time of the storm, and distance to the −15 m bathymetric contour (closure depth at this location). Data for the model were obtained for wave heights [39] , tide levels and the −15 m bathymetric contour from Admiralty charts [78] . The accuracy of the bathymetry on the Admiralty charts is estimated to be within 0.5 m of the published bathymetric contour values. The model can be run with any combination of these variables and for varying conditions i.e. a wave height of 10 m at HAT. For the case study, a set of variables were chosen that reflect the conditions in the case study region. Model runs assumed the state of the tide as at Mean High Water Spring (MHWS) tide at 2.01 m CD, combined with a 1:10 year storm wave height (H mo = 7.1 m) and SLR of 300 mm, 600 mm and 1,000 mm.
GIS Procedures and Data Presentation
Each stereo aerial image pair was used to generate an irregular triangular network (TIN) or Digital Terrain Model (DTM) that was exported into a Computer Aided Design (CAD) environment as a mesh of triangles. Supplementing this data were the −15 m (below sea level) depth contour line and the +0 m contour line. From these data a series of section lines perpendicular to the −15 m depth contour line were generated and extended until they intersected the +0 m contour line. These section lines were generated at approximately 5 m intervals along the 100 km of coastline. Using custom software, which runs inside the CAD environment, the wave run-up model was applied using the information for each section line. This produced a point height which was placed along the transect line where it intersected with the terrain thus gradually building up a string of points which were then joined to form a reference line.
The amount of beach retreat was then calculated using Bruun's model [61] . The case study coastline was sectioned at 5 m intervals. The wave run-up model provided the elevation level of maximum wave run-up at each point. The regressed HWM position was then determined from the DTM. This retreated maximum wave run-up prediction was then used to determine the slip failure of any dune structure that existed inland of this. The slip failure angles were determined from previous data [79] . This slip failure zone was plotted on the sections and the top of the failure zone was determined. Once each cross-section had been analyzed a line joining the entire respective model results was created and shown as a line on the aerial imagery.
Costs
The costs associated with undertaking this work have been kept to a minimum by using only a basic amount of information. The most expensive element was the special low-level aerial survey undertaken especially for this project at ZAR 300,000 (US$ 37,500). This cost included the aerial photography, rectification, geo-referencing and Digital Elevation Model. The modeling and freeware viewer came to ZAR 30,000 (US$ 3,750) and internal staff costs came to approximately R25,000 (US$ 3,125). The overall cost came to ZAR 355,000 (US$ 44,375) or about ZAR 3,500 (US$ 450) per kilometer.
Presentation of the Model Results
Often the results of GIS based models are only accessible to a limited group of GIS operators who have commercial software packages and the technical skills to work with the applications. To avoid this, the final output was created using a combination of Visual Basic and Action Script/Flash technology that can be compiled in such a way that no external or third party software is needed to run the application. Action Script/Flash is a multimedia platform that can manipulate vector and raster images and can be displayed on various computer systems and devices without the need for proprietary software. This freeware application can be distributed on DVD to any interested party to install on their personal computers. The decision to distribute the data using DVD allowed public access to the results of the study without the need for proprietary software, therefore eliminating the costs and skills associated with commercial GIS platforms. The costs of compiling and distributing the disc were below ZAR 25 (US$ 3) which allowed enabled the municipality to distribute large numbers at very little cost. Those skilled in the use of commercial GIS packages can export the GIS shapefiles directly into those packages if they desire. The ability of the public to view the data meant that they were better informed and were able to interact in a more meaningful way. A screen shot of the SLR viewer is shown in Figure 5 .
Results
All four scenarios were plotted against the aerial photography backdrop yielding the positions of the current HWM (red) and future HWM with SLR of 300 mm (green), 600 mm (purple) and 1,000 mm (yellow). A sample of the visual output is shown in Figure 6 . 
Discussions on the Management Implications
The implications for SLR along the sandy southern African shoreline will have far reaching effects extending beyond just inundation and coastal erosion. In this paper the focus is on the primary impacts as they relate to the typical types of shoreline present. A management response to SLR will need to be developed from this assessment based on each locality where infrastructural responses/interventions may be considered. A detailed investigation at each site is beyond the scope of this paper, however, some generic evaluation is possible using the study area. In order to provide some meaningful management responses, typical coastal types have been identified and the extent of possible impacts will be discussed in more detail below.
Rocky Shores
Rocky shorelines are represented along the southern African coastline particularly in the Western and Eastern Cape regions of South Africa. By their very nature these shorelines are relatively stable and are not subject to erosion to the extent that sandy shorelines are. The main impacts of rising sea levels will be the increase in wave run-up levels resulting in loss of vegetation at these locations.
Undeveloped Natural Sandy Shorelines
This type of shoreline exists in limited areas in South Africa but is more widespread in Mozambique, Tanzania and Kenya. Like rocky shores, this shoreline type is least likely to present a hazard to humans simply because they are undeveloped. Small increases in sea level result in significant regression of the high water mark. Typically these areas were inundated in the previous high stands of sea level around 6,000 years ago [80] . This type of coastline is common in Mozambique with a wide continental shelf where large portions of the flat, low elevation coastal plains are river deltas. There is sufficient land for the sea to retreat naturally with little impact on man.
From an adaptation point of view these areas need to be allowed to naturally respond to rising sea levels and perhaps the only management interventions should be to actively prevent new settlement in the potential flooding and erosion zone. A development set back line should be formulated with various SLR scenarios so that the authorities can manage development as well as prevent additional development in high-risk areas. The development set back lines must sufficiently distance from the existing shoreline to cover the risk zone. From previous experience in the region, often these developments set back lines are underestimated and are of insufficient width to perform their function. This will lead to problems with developments that are too close to the coast in the future [18] . However if these development set back lines are properly determined they have the ability to reduce risk sufficiently that the economic activities undertaken for the developments are fully realized before they are lost or need to be relocated.
Beachfronts and Coastal Development
Beachfronts are significant local and regional economic generators and are often constructed with significant back of beach amenities and infrastructure. The extent of these facilities has evolved over several decades and cannot simply be moved overnight. It is along this coastal type where the largest impacts will be experienced. Many beachfronts already have some form of sea defense in place to protect infrastructure and it is often this infrastructure that is the first to be damaged by heavy seas. Unfortunately, as is the case for many urban beachfronts, the opportunity to retreat or reconfigure the development is no longer practically possible. An adaptation response must be tailored to suit each location and its respective circumstances. For example, without any adaptation interventions the beachfront at Durban, South Africa will result in the loss of significant development and infrastructure ranging from parts of the ZAR750 million Ushaka Marine World (the fifth largest aquarium in the world when it was completed in 2003) to roads, coastal structures and tourism amenities.
In the short term it is possible to maintain the shoreline by providing additional sand from dredge sites offshore to replace and offset the increased erosion and beach reduction caused by SLR. The economic costs of this option will determine when this intervention is no longer viable. In the medium term, the decision to defend will need to be taken, since retreat will probably not be possible. The nature of the coastline will then change permanently with sea walls replacing the once sandy beaches along 'Durban's golden mile'. Other less developed beachfronts may not be so fortunate and may find that the renourishment option is too expensive and will need to move directly to a defend position. On a positive side, the development in these less developed beachfronts will be less intense and it may be possible to retreat some distance inland, effectively putting off the inevitable defend option.
Estuaries and Mangroves
Estuaries, often with associated mangrove stands, are highly productive systems [81] and form part of coastal ecosystems that are amongst the most threatened ecosystems in the world [82] . Their functioning is controlled by two main drivers (1) fresh water river flows and (2) the marine process of sedimentation and accretion. Some estuaries remain permanently open to the sea, some open and close depending on which factor is dominating and some remain permanently closed relying on seepage to the sea. These systems may be delicately balanced so any changes can significant impact their normal functioning e.g. frequent mouth breaching reduces the productivity while insufficient breaching results in the accumulation of pollutants leading to low oxygen levels and fish kills.
Against this background estuaries will be impacted by SLR in two ways. Firstly, as the sand bar across the estuary mouth migrates inland this has the potential to fill the estuary basin with marine sediments. This in turn will limit the available water volume and reduce the efficacy of the estuary to provide a fish nursery for marine species. Secondly, raised water levels will allow more wave energy into the mouths of estuaries and will start to negatively affect the mangrove stands that have formed within some systems, disrupting the nutrients which many organisms rely on to survive. This has a knock on effect through the food chain. Along this coastline mangroves do not survive when exposed to direct wave action and so when this occurs the mangroves will start to die off.
Harbors
The main Southern African harbors are located along the east shoreline of Africa i.e., Cape Town, Port Elizabeth, Coega, East London, Durban (the largest container port in Africa and 3rd in the southern hemisphere) serving as a major import/export hub for the Southern African region, Richards bay (largest coal export terminal in the southern hemisphere exporting approximately 100 million tons per annum), Maputo, Beira, Nacala, Dar Es Salaam and Mombasa. This string of ports provides for the flow of goods into and out of Southern and Central Africa. It is expected that a small rise in sea levels could be handled within the design capacity of the current harbors. However, should SLR be 1 m, this will start to lead to problems. The extra water depth will result in an increase in wave energy both outside and inside the harbor. Impacts outside the harbor are like to be wave overtopping of the entrance breakwaters with loss of some of the structure leading to increased maintenance costs and additional capital costs to redesign the harbor entrance works.
Within harbors, the extra water depth will result in less freeboard along the quayside resulting in more frequent wave wash/overspray onto the working area with increased down-time and loss of productivity. With the increased wave energy, ships moored alongside the quays will not be as stable as required for the offloading of cargo. This will result is longer off-loading times, longer ship turn-around times, inefficiency at the berth-side and extra costs. Management interventions could be the fortifying of the entrance breakwater structure to reduce the increased wave energy and changes to reduce the additional wave energy penetration that affects moored ship stability at berth. In the extreme scenario of several meters' of SLR this will inundate the harbors preventing them from operating and transporting goods.
Large Prehistoric Dune Systems
There are several large primary dune systems, which dominate sections of the South African and Mozambique coast. The most well known of these are the red dunes of the Berea Red formation, which exists along the coast from south of Durban to beyond Maputo, Mozambique. These ancient dunes, formed around 1.2 million years ago, are aeolian deposits of fine quartz grains coated with clay containing ferric oxide giving the sand its distinctive red color. These dunes have been eroded back since the last sea level low-stand approximately 18,000 years ago [80] . As these are unconsolidated sand dunes or bluffs they are unstable. Up until the present time these unstable slopes have been identified, demarcated and development precluded from the slip area. With rising sea levels the slip failure zone will migrate inland.
Just 300 mm of SLR is sufficient to endanger existing developments. Figure 7 shows the main sewerage treatment works that services the Central Business District of Durban and a SLR of 300 mm will affect the main sewer pipeline around the tip of the Bluff. Adaptation measures could be to protect the pipeline or works through the construction of sea walls or alternatively to relocate this infrastructure on the inland side of the dune with a pipeline through the dune and to the sea outfall. Figure 8 shows the same dune formation but further south where the existing coastal forest is at risk of slipping into the sea under the scenario of 1,000 mm of SLR. Under these circumstance there is little one can do given the fact that urban development prevents the natural system from retreating inland. 
Armored or Fortified Coastlines
Shorelines that have previously been fortified using sea wall of other defense systems will not be immune from attack. Increases in water depth as a result of SLR will allow increased wave energy to penetrate closer inshore. This increased wave energy could exceed the original designers design condition, if so the structure will be subjected to more wave energy then it is capable of withholding, resulting in partial or full failure of the structure. Adaptation to increased SLR would be to check the design parameters of existing critical infrastructure where failure could result in severe financial, social and environmental costs. New infrastructure adaptation is easier as these additional wave forces can be designed into the structure at the initial stage.
In all the developed cases discussed above, the need to provide some recreational activities close to the sea has to be tempered with the risks associated with this approach. In these circumstances managed retreat would be the preferred international best practice action in this case [83] but as that is ruled out the need arises for a multi-layered approach to the problem of coastal flooding and erosion. The rate of SLR has been predicted to increase over time and so in the next decades there exists a "window of opportunity" to provide some infrastructure close to the hazard zone when sea levels are still close to current levels.
This raises the question as to what should/could be allowed in this zone that does not place undue financial hardship on the owners of the infrastructure when SLR starts to impact them. By balancing the risk of failure against the value of the infrastructure it is possible to review what is suitable in the various risk zones or not. This is outlined in Table 3 . Table 3 . Recommended amount of sea level rise to be incorporated into the design of new infrastructure [84] . 
Long term
In excess of 100 years
Very High
Major disruption to the regional and national economy, failure of key national infrastructure
m
The approach in Table 3 takes a balanced view of risks and has been recommended for use in South Africa.
Conclusions
The results of this paper show that the zone of high risk above the HWM within the coastal zone can be relatively easily described and mapped. This provides the basic information that decision makers require when planning any new and existing activity within the coastal zone. The results show that each portion of the coastline will be affected differently by SLR. These results can be shared with a much broader grouping of society than had this information been only available in a conventional GIS application. Key management issues arising from this work have been identified for each coastal type and it has been relatively easy to describe these changes generically for each coast type.
